Objective: Drug treatment of osteoarthritis (OA) includes symptomatic slow-acting drugs (SYSADOA). This class of compounds have a slow onset of action and improve OA symptoms. Among the SYSADOA, Condrosulf ® (manufactured by IBSA), whose active ingredient is chondroitin sulfate, has proven to be a valuable therapeutic tool for the symptomatic treatment of OA after oral administration. The aim of this study was to assess the bioavailability of chondroitin sulfate and its constituents after oral administration of Condrosulf ® to 20 healthy male volunteers. Pharmacokinetic parameters and the structure and properties of plasma chondroitin sulfate were determined after administration of Condrosulf ® . The possible physiological regulation of plasma levels of endogenous chondroitin sulfate during the day was also assessed.
Introduction
Chondroitin sulfate (CS) is an unbranched, polydisperse, complex glycosaminoglycan extracted and purified from various tissues, with polysaccharide chains composed mainly of disaccharide units of sequence [-N-acetyl-Dgalactosamine 1:4-D-glucuronate 1:3-]. Depending on the source, different non-sulfated and sulfated disaccharides are present within the polysaccharide chains [1] [2] [3] . CS is a ubiquitous components of all connective tissue extracellular matrices where it serves a number of functions mainly covalently attached to proteins in the form of proteoglycans 4, 5 . Due to the presence of sulfate groups in different amounts and located in various positions (2 and 3 of uronic acid 6 , and 4 and 6 of N-acetyl-galactosamine residues), CS represents a very heterogeneous family of polysaccharides, in terms of degree of sulfatation, molecular mass, relative amounts of iduronic acid and glucuronate, depending on the tissue of origin.
CS exhibits a wide variety of biological functions mainly due to the presence of rare oversulfated structural building units that form domain structures that interact specifically with other molecules, such as the regulation of neuronal patterning in the retina 7 , interactions with fibronectin 8 , neurite outgrowth promoting activity 9 , modulation the adesive function of 4 1 integrin 10 , activation of monocyte and B-cell 11 , and activation of plasminogen 12 . Osteoarthritis (OA) is a common form of joint disorder in developed countries 13 . OA is heterogeneous condition with various clinical expressions and it is therefore considered a syndrome. The most common symptoms are pain and functional disability resulting from destructive changes of the osteoarthritic joint. Current treatment of OA is not aimed at a cure but at palliative management; it includes physical, pharmacological and surgical approaches. Drug treatment includes analgesics, NSAIDs, and symptomatic slow-acting drugs (SYSADOA). The latter class of compounds have a slow onset of action and improve OA symptoms after about a month of the treatment 14 . Some of them are administered orally and some intraarticularly. Among the SYSADOA, Condrosulf ® (manufactured by IBSA), whose active ingredient is CS, has proven to be a valuable therapeutic tool for the symptomatic treatment of OA. CS is also employed as an antiinflammatory 15 , chondroprotective and antirheumatic drug [16] [17] [18] [19] , and several controlled trials showed its effects as a SYSADOA with application in the therapy of OA of the knee and in articular cartilage OA 14, [20] [21] [22] [23] [24] with very good tolerability 25, 26 . CS (Condrosulf ® ) is mainly employed by the oral route allowing a more simple drug use compatible with long term administration 14, 18, 23, 24 . Pharmacokinetic studies have been performed on man and animals after oral administration of a tritiated CS derivative 27, 28 . The results show a significant increase of plasma levels of CS as compared with predose levels over a full 24 h period. Moreover, adsorbed CS reaches the blood compartment as high, intermediate and low molecular mass derivatives, with a very irrelevant part (less than 1-2%) of radioactivity released by exchange with water 28 . In the present study, Condrosulf ® (composed of bovine CS) was orally administered to 20 healthy human volunteers, and CS derivatives were extracted and purified from plasma over a 48 h period. Polysaccharide fractions absorbed by the oral route were characterized and quantified by validated agarose-gel electrophoretic technique, and densitometric scanning. Pharmacokinetic parameters were determined and the possible physiological regulation of plasma levels of endogenous CS during the day was also assessed. In addition, the percentage of constituent disaccharides and charge density were measured in an effort to physico-chemically characterize CS fractions absorbed by the oral route.
Experimentals

SUBJECTS
A total number of 20 healthy male volunteers participated to the study. Six volunteers, randomly selected, underwent evaluation of plasma levels of endogenous CS before starting the study period. The Clinical Investigator gave his approval to the participation of each subject in the study on the basis of acceptable medical history and findings in the physical and instrumental (ECG, laboratory) examinations. Written informed consent was obtained prior to inclusion to each study period, as per protocol.
The healthy volunteers were caucasian males aged 18-30 years, within±15% of ideal body weight, with normal values of blood pressure (systolic blood pressure of 100-140 mmHg and diastolic blood pressure of 60-90 mmHg) and heart rate (60-80 bpm), and no clinically relevant abnormal values in the routine blood chemistries. They showed no clinically relevant electrocardiogram abnormalities, no clinically important abnormal physical findings, and no known allergy to drugs or chemicals or allergic reactions in general, which may have affected the results of the study. They also had no relevant history of skin, renal, hepatic, gastrointestinal, cardiovascular, haematological, respiratory, endocrine or central nervous system diseases (in particular no history of kidney or liver insufficiency, no gastrointestinal or bowel movement disorders). Volunteers received no medication during the first week prior to the start of the trial that might affected the validity of the study. Volunteers also stated that they received no administration of NSAIDs, salycilates and barbiturates within the last month. Furthermore, they had no participation other drug trials or blood donation during the 3 months prior to the start of the study, no history of drug, alcohol, caffeine or tobacco abuse (more than 60 g/day of alcohol, 5 cups/day of coffee or 10 cigarettes/day). None of the volunteers took any medication other than the study treatment during the study.
The volunteers had ability to comprehend the full nature and purpose of the study, to co-operate with the investigator and to comply with the requirements of the study. They gave written informed consent.
STUDY PROTOCOL
This was an open, single centre, single dose study. 10 capsules of Condrosulf ® 400 mg, Batch No. 990709, expiry date July 2002, were administered as a single oral dose.
The study drugs were provided by IBSA (Institut Biochimique S. A., CH-6915 Pambio Noranco, Lugano, Svizzera) to the Clinical Centre (Cross Research S. A. Phase I Unit, CH-6864 Arzo, Svizzera) in excess of the amount necessary for the study (25% excess). The study medications were stored in a cool, safe locked place and were dispensed only by the investigator or authorized personnel. The study drug was exclusively used for the present clinical trial and was only administered to the subjects enrolled in the study. At the end of the study, all the unused supplies were returned to the sponsor, after assessment of drug accountability.
Subjects took no food or drink (apart from water) for about 12 h (i.e. overnight) before administration and for up to 2 h after treatment. Starting from 24 h before drug administration, the intake of food containing high quantities of glycosaminoglycans was kept low. The dinner of the day before each drug administration was consumed at the clinical centre. A standardized light breakfast was served at approximately 10.00 a.m. The volunteers were asked to avoid physical activity during the 3 days preceding the study start. The evening preceding drug administration and start of blood sampling the volunteers attended the Clinical Centre to be hospitalized.
The study periods included a single oral administration at about 8.00 a.m. of day 1, followed by a 48 h observation period. On the last day of the study period (day 3), each volunteer underwent blood and urine tests and electrocardiogram evaluation for post-study assessment. During the study period, a single administration was performed on day 1 at 8.00-8.33 a.m. Each volunteer swallowed 10 capsules of the test drug (Condrosulf ® 400 mg) together with 400 ml of tap water (200 ml just before and 200 ml during administration).
PLASMA SAMPLES COLLECTION
Venous blood samples (15 ml) were taken from a vein of the forearm using an indwelling catheter. The cannula was rinsed after each sampling. Blood samples were collected in tubes containing citrate as anticoagulant at the following times: pre-dose and 0.5, 1, 2, 4, 6, 8, 12, 16, 24, 48 h after drug intake. The samples were immediately stored at 4°C, centrifuged within 1 h at 4°C for 10 min to obtain plasma and immediately divided into two 2.5 ml aliquots, transferred into pre-labeled test tubes and stored frozen at −20°C until analysed.
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Endogenous CS, from six of the 20 volunteers enrolled in the study, was assessed on venous blood samples (12 ml) taken with the same procedure described above at the following times: 8, 10, 12 a.m., 2, 4, 6, 8, 10, 12 p.m for 2 consecutive days. Two 2 ml aliquots were obtained and stored frozen at −20°C until analysed. Endogenous CS was quantitatively determined by agarose-gel electrophoresis and densitometric scanning according to the analytical procedure illustrated below.
ANALYTICS
Materials
Protease type XXI from Streptomyces griseus [E.C. 3.4.24.31] was from Sigma. Ecteola-cellulose (condensation product of epichlorohydrin, triethanolamine and cellulose, cross-linked fibers; capacity of 0.3-0.4 meq/g, particle size of 0.05-0.2 mm) was from Serva, Heidelberg, Germany. High purity agarose and barium acetate were from BioRad. 1,2-diaminopropane and cetyltrimethylammonium bromide were from Merck, Darmstadt, Germany. 
Extraction and purification of plasma CS
Extraction of CS from plasma samples was performed according to the methods reported elsewhere 29, 30 , with slight modifications. 500 l protease from Streptomyces griseus (10 mg/ml 50 mM Tris-Cl buffer pH 8.0) was added to 1000 l of plasma. After incubation at 37°C for 24 h, 1000 l 0.1 M acetic acid and 500 l NaCl 3 M were added. The mixtures were boiled for 5 min, and then centrifuged at 5000 g for 5 min, and 1000 l NaOH 0.1 M was added to the supernatants; two volumes of acetone were then added and solutions stored at −20°C for 24 h. The precipitates were recovered by centrifugation at 5000 g for 15 min and dried at 50°C for 12 h. The dried precipitates were dissolved in 1000 l of distilled water by prolonged mixing and CS further purifed on anion-exchange resin (Ecteolacellulose). After centrifugation at 10,000 g for 5 min, the supernatant was applied to a column (1 cm×2 cm) packed with about 1.5 ml of Ecteola-cellulosa previously washed with 1 M NaOH and 1 M HCl and equilibrated with 0.05 M NaCl. After washing the resin with 2 volumes of 0.05 M NaCl, 5 ml of 3 M NaCl were added. Two volumes of acetone were added to the eluate (5 ml) and stored at +4°C for 24 h. After centrifugation at 5000 g for 15 min, the pellet was dried at 60°C for 6 h. 
Agarose-gel electrophoresis
Disaccharide composition of endogenous CS and CS after oral administration of Condrosulf ®
Samples dissolved in 40 l of 50 mM pH 8.0 tris-HCl buffer were incubated with 50 munits of chondroitinase ABC. The reactions were stopped after 3 h incubation at 37°C, by boiling for 1 min. The constituent disaccharides were determined by SAX-HPLC at 232 nm 33, 34 . Isocratic separation was from run 0 to 5 min with 0.1 M NaCl, pH 4.00; linear gradient separation from 5 to 30 min with 100% 0.1 M NaCl, pH 4.00 to 50% 1.2 M NaCl, pH 4.00. Flow rate was 1.4 ml/min. Separation of unsaturated nonsulfated and variously sulfated disaccharides produced by the action of the bacterial lyase was performed using standards supplied by Seikagaku Kogyo Co. (see Fig. 1 ).
The following parameters were provided for each time after oral administration of Condrosulf ® : relative percentage of each unsaturated disaccharide calculated per 500 l of plasma, namely Di-0s (non-sulfated disaccharide), Di-6s (6-monosulfated disaccharide), Di-4s (4-monosulfated disaccharide). Therefore, charge density (sulfate to disaccharide ratio) of CS was calculated.
PHARMACOKINETIC PARAMETERS [35] [36] [37] The percentage increase in CS with respect to baseline value was calculated at each time point after drug administration. The following pharmacokinetic parameters were Calculation of AUC ∞ , K el , t 1/2 and MRT was not feasible because biased by the presence of the endogenous compound.
For endogenous CS levels, the following parameters were calculated: C max , t max , AUC 0-24 and AUC 0-48 . Moreover, for each subject the mean of the values measured from 0 to 16 h over two subsequent days was calculated.
STATISTICAL ANALYSIS
The data documented in this trial and the parameters measured were compared and evaluated using classic statistics: mean, standard deviation, coefficient of variation (%), minimum and maximum values (for quantitative variables) and by frequencies (qualitative variables).
Descriptive statistics were performed by means of either SAS ® version 8e for Windows ® (SAS/STAT ® User's Guide, Version 6, Fourth Edition, SAS Institute Inc., Cary, NC, U.S.A., 1990) or Kinetica . The CS plasma concentrations, g/ml plasma CS for each time, measured after drug treatment were compared to basal values by means of a t-test. The same comparison was made for endogenous CS levels by comparing mean CS concentrations at different sampling times from 2 to 16 h to time 0 levels. The ANOVA test was then applied to compare within group the increase/decrease at the different times for treated and endogenous CS. When significant overall differences were found, the Student-NewmanKeuls test was applied to identify significantly different means.
The above statistical comparisons of the significant pharmacokinetic parameters obtained for test vs reference treatment were made using KINETICA .
ETHICS AND LEGAL CONSIDERATIONS
The study was performed in accord with the relevant guidelines of the Declaration of Helsinki, 1964, as amended in Tokyo, 1975, Venice, 1983, Hong Kong, 1989 and Somerset West, 1996.
Approval of the study protocol by the relevant local (Canton Ticino) Research Ethics Committee was obtained before the start of each study period. Federal Authorities were informed about the study.
The present Clinical Trial was carried out according to the general principles of 'ICH Topic E6, CPMP/ICH/135/95', July 1996 including post Step 4 errata, status September 1997.
Results
DEMOGRAPHIC DATA
Demographic data of the 20 subjects enrolled in the study were: age (years) 25.2±2.1, weight (kg) 71.1±5.6, height (cm) 178.1±4.7. Six among these volunteers participated in the study for evaluation of endogenous levels of CS. No differences were found comparing this subgroup with the total group ( Table I) .
The treatment was well tolerated and did not cause relevant changes in vital signs or ECG.
QUALITATIVE AND QUANTITATIVE DETERMINATION OF CS
Agarose-gel electrophoresis permits qualitative and quantitative determination of CS after extraction from plasma (see Appendix for method validation). CS was qualitatively evaluated by its migration time vs standard. For example, Fig. 2 illustrates agarose-gel electrophoresis of CS extracted and purified from 1 ml plasma of subject 1 at different times (from 0 to 48 h) after oral administration of 4 g of Condrosulf ® . Basal CS concentrations are shown in Fig. 3 . Plasma levels of endogenous CS were detectable in all the subjects (six volunteers, see Table I ) at any time of the day and ranged from 0.3 to 5.3 g/ml plasma. The average endogenous CS plasma concentration at each time of the day was then calculated from the values obtained at the same time of the day in the two consecutive days for each volunteer. The means on the 6 subjects for each time, from 0 to 48 h, varied during the day from a minimum average value of 1.53 g/ml at 16 h to a maximum average amount of 3.37 g/ml at 24 h (Fig. 3) .
Pre-dose plasma levels of CS were detectable in all the subjects and averaged 3.80±1.77 g/ml (ranging from 1.4 to 7.6 g/ml).
ORAL ADMINISTRATION OF CONDROSULF ® After administration of Condrosulf ® , CS plasma levels increased in all the subjects with a peak concentration at 2 h (Fig. 3) , except for subject 10, who showed a peak at 4 h, and subject 2 at 8 h. Percentage increase and significance (t-test) with respect to basal value were calculated. The increase in CS plasma levels was significant from 2 to 6 h after drug administration. In particular, 2 and 4 h after administration CS plasma levels increased by more than 200% with respect to pre-dose endogenous CS (Fig. 3) ; 48 h after drug administration CS plasma levels were detectable in all the subjects and averaged 2.86±1.56 g/ml.
Mean CS pharmacokinetic parameters under basal conditions and after administration of drug are shown in Tables  II and III (Fig. 4) .
CS of Condrosulf ® has a high percentage of monosulfated disaccharides in position 4 (55.0±5.0%) and 6 (40±5.0%) of galactosamine (and about 5.0±2.0% of nonsulfated disaccharide) with a sulfate to disaccharide ratio of about 0.95 2, 28, 33 . The molecular mass of this polysaccharide was about 25,000-30,000 determined by HPLC 39 . After oral administration of Condrosulf ® a significative decrease in the relative amount of non-sulfated disaccharide was measured (Fig. 4) , reaching the minimum relative percentage of 22.96±11.68% at 4 h (Fig. 5) . At the same time 4-sulfated disaccharide increased to a maximum of 60.50±10.45% at 4 h, and 6-sulfated disaccharide appeared in blood reaching a maximum concentration of 17.33±6.52% at 2 h (Fig. 5) . Concomitantly the mean (Fig. 6) ; 48 h after drug administration the disaccharides composition almost returned to basal levels; the Di-0s was 58.28±4.70%, Di-4s 41.73±4.70%, charge density 0.42±0.05.
Discussion
The aim of this study was to assess the bioavailability of CS and its constituents after oral administration of Condrosulf ® to 20 healthy male volunteers. The possibility of a physiological regulation of the plasma levels of endogenous CS during the day was also assessed.
Before beginning the clinical trial with Condrosulf ® , we examined the type and structure of glycosaminoglycans in the plasma of healthy volunteers by the same extraction and purification approach used to purify CS after oral administration. Using unspecific proteolytic digestion with papain 29 , we recovered a unique kind of glycosaminoglycan, in particular a low-sulfated chondroitin, in all volunteers. In fact, a large amount is constituted by non-sulfated chondroitin and about 40% is formed by chondroitin 4-sulfate. These results agree with other studies 40 . The structure of endogenous CS purified from plasma did not differ with male and female gender nor with age. Furthermore, results of other investigators show that human plasma or serum glycosaminoglycans do not vary with age or sex except in children, who had significantly higher values than adults 41 . As a consequence, male volunteers aged from 18 to 30 years were enrolled in the study.
The absorption of sulfated glycosaminoglycans (heparin, heparan sulfate, CS, dermatan sulfate) administered orally remains a controversial issue due to the difficulty in accepting that molecules with high molecular mass and charge density can pass the gastric and intestinal mucosa. However, various experimental findings on intestinal absorption of glycosaminoglycans are reported in literature. The experimental approach to study the metabolic fate of glycosaminoglycans after oral administration may be divided into three groups. The first group utilizes fluoroscinated 42 , tritiated 27, 43, 44 or iodinized 45 glycosaminoglycans. The second group measures the concentration of unlabeled glycosaminoglycans (or its metabolites) by chemical methods 46 , and a third group determines the biological activity of the absorbed materials 47, 48 . The first and the third experimental approaches are more sensitive than the chemical techniques. Our study reports for the first time a new methodological approach to the study of the amount and physico-chemical properties and structure of CS (Condrosulf ® ) after oral administration. This approach has already been utilized to investigate the adsorption and modifications of the structure of dermatan sulfate after oral administration to human healthy volunteers 30 . The combination of agarose-gel electrophoresis with the determination of unsaturated disaccharides of CS by HPLC permits us to obtain quantitative and qualitative informations (the pattern of variously sulfated disaccharides and charge density) on the modifications of plasma CS after oral administration of exogenous CS (Condrosulf ® ). Moreover, agarose-gel electrophoresis detects polysaccharides with a molecular mass greater than about 2000 (about 3-4 disaccharide units) as a consequence of the electrostatic interactions between glycosaminoglycans and toluidine blue 49 . Endogenous CS plasma concentration remained quite constant during the 40 h sampling period, showing no daily quantitative modification. This can also be due to the controlled lifestyle of volunteers during the trial. In fact, diurnal variations in human plasma glycosaminoglycans have been reported after physical exercise 50 . It is very difficult to compare the amounts of endogenous CS measured in this study with those reported in the literature. In fact, the amounts of total or single glycosaminoglycan are generally evaluated as nmoles of hexuronic acid and not as weight. Quantitative analysis were performed by agarose-gel electrophoretic separation and densitometric analysis using calibration curves. However, the amount of CS may be underestimated due to the different primary structures of plasma CS (rich in nonsulfated disaccharides) and CS (from bovine) used to construct the calibration curves. In fact, these two polysaccharides have different charge density, and this can influence the capacity of toluidine blue (a cationic dye) to bind to polysaccharides. Nevertheless, glycosaminoglycans values ranging from about 2 to 8 g/ml plasma/serum can Di-0s: non-sulfated disaccharide; Di-6s: 6-sulfated disaccharide; Di-4s: 4-sulfated disaccharide.
be assumed from various published data [50] [51] [52] . In this study, basal values or predose values of endogenous CS were calculated to be from 1.4 to 7.6 g/ml plasma (from 1.4 to 7.6 g/ml plasma for predose values and from 3.2 to 5.3 g/ml plasma for basal values).
The results presented indicate that exogenous CS becomes available in the bloodstream after oral administration of Condrosulf ® . This is proved by the up to 263% increase over baseline levels reached after administration of bovine extracted Condrosulf ® . The peak increase was statistically significant with respect to the levels measured at baseline or immediately after baseline. Endogenous CS plasma concentration remained quite constant during the 40 h sampling period thus confirming that the increase measured after drug administration was due to CS absorption and not to physiological regulation of CS levels. Moreover the absorption of exogenous CS was proved by the change in the composition of unsaturated disaccharides found in plasma after drug administration with respect to baseline with a decrease of non-sulfated disaccharide and a concomitant increase of 4-sulfated disaccharide and appearance of 6-sulfated disaccharide. Concomitantly, the mean sulfate to disaccharide ratio increased from 0.40±0.09 to 0.78±0.11 after Condrosulf ® administration. Furthermore, CS reaches the blood compartment with a molecular mass greater than about 2000 as determined by agarose-gel electrophoresis. On the other hand, we already demonstrated that a large number of dermatan sulfate species with molecular mass from about 7500 to 20,000 are present in normal human plasma after oral absorption of this polysaccharide 30 . After oral absorption of Condrosulf ® a large number of CS species with molecular mass of about 5000-15,000 is detected in blood. Moreover, very low-molecular mass species are detected, with a prevalence of oligosaccharides (data not shown, study in progress).
Previous studies have demonstrated that after oral absorption the mean plasma curve of exogenous CS peaks after 3.2 h 27 , 4.0 h 53 , or 5.0 h 28 . In this trial, Condrosulf ® is quickly absorbed with a t max of 2.4 h. On the other hand, the increase in CS plasma level is significant from 2 to 6 h after drug administration.
This research extends previous results obtained by other researchers in man and experimental animals, both with CS and other polysaccharides 27, 28, 30, [42] [43] [44] [45] 47, 53, 54 confirming that molecules possessing high molecular mass and charge density can be absorbed orally. On the other hand, quantitative evaluations, such as C max , t max , AUC, and bioavailability, can depend on the nature of the drug absorbed by the oral route (molecular mass, charge density, cluster of disulfated disaccharides), which can affect quantitative assays. Moreover, after oral absorption, glycosaminoglycans can bind to vascular components and not be immediately available for quantitative assays (as demonstrated by Jaques et al. 55 , who reported that only a small fraction of orally administrated heparin and dextran sulfate that enter the body is recovered from plasma and that the endothelium rapidly removes these drugs from blood). Furthermore, the presence in the human intestinal microflora of the bacteroides stercoris able to degrade the CS has been documented 56 . From this study and literature data, it appears that exogenous CS (Condrosulf ® ) is absorbed as high molecular mass polysaccharide together with derivatives resulting from a partial depolymerization and desulfation. These results are further confirmed by the therapeutic effects of Condrosulf ®14-26 and other sulfated polysaccharides 47, 57, 58 when administered orally.
